a Similar to the reversible epigenetic modifications on DNA, dynamic RNA modifications were recently considered to constitute another realm for biological regulation in the form of "RNA epigenetics". 5-Methylcytosine (5-mC) has long been known to be present in RNA from all three kingdoms of life.
Introduction
Naturally occurring RNA molecules contain various chemically modied nucleosides.
1 Up to date, more than 140 structurally distinct post-transcriptionally modied nucleosides have been identied in RNA.
1 Similar to the reversible epigenetic marks on DNA, some RNA modications were recently discovered to be dynamic and might have critical regulatory and/or signalling roles inside cells, which constitutes another realm for biological regulation in the form of "RNA epigenetics".
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5-Methylcytosine (5-mC) has long been known to be present in the RNA from all three kingdoms of life. 5, 6 A recent study showed that 5-mC is widespread in both the coding and noncoding RNA of mammals, among which more than 8000 5-mC sites were identied in mRNA, implicating that 5-mC in RNA could be critical for the control and regulation of gene transcription and protein translation. 7, 8 However, the precise cellular functions of 5-mC in RNA have not been fully understood, especially for the RNA demethylation mechanism. On the other side, the functional role of 5-mC in DNA as an epigenetic mark is well established.
9-14 DNA demethylation could be achieved through a consecutive oxidation of 5-mC by ten-eleven translocation (Tet) proteins with the generation of three intermediates, 5-hydroxymethylcytosine (5-hmC), 5-formylcytosine (5-foC), and 5-carboxylcytosine (5-caC). [15] [16] [17] [18] Due to the similarity of the chemical structure between DNA and RNA, DNA and RNA may share the same cytosine demethylation mechanism.
Indeed, Fu et al. 19 recently reported that Tet proteins can also oxidize 5-mC to generate 5-hmC in RNA, which is similar to Tet proteins oxidizing 5-mC to 5-hmC in DNA. And our group further conrmed the existence of 5-foC in the RNA of mammals. 20 These studies indicated that 5-mC in RNA may undergo the same cytosine demethylation pathway with generating the intermediates of 5-hmC, 5-foC, and 5-caC by Tet proteins as that in DNA. However, endogenous 5-caC in RNA has not been observed so far. To establish the above presumed RNA demethylation pathway, the identication of endogenous 5-caC in RNA is indispensable. However, the identication of these modied nucleosides is usually challenging due to their extremely low in vivo content as well as interference from the highly abundant normal nucleosides. The reported occurring frequency of 5-hmC and 5-foC in RNA is 1 to 20 per 10 6 cytosines. 19, 20 5-caC may be present at a lower levels than those of 5-hmC and 5-foC in the RNA of mammals. However, even though the content of modied nucleosides is extremely low, they may be biologically signicant if they occur in specic gene regulatory elements, such as 5-hmC, 5-foC, 5-caC, N 6 -methyladenine, and N 1 -methyladenosine in DNA.
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In the current study, we established a method using chemical labeling coupled with liquid chromatography-electrospray ionization-tandem mass spectrometry analysis (LC-ESI-MS/MS) for the sensitive and simultaneous determination of all of the oxidation products of 5-mC in a possible RNA demethylation pathway. We rst evaluated the detection sensitivities of labeled products with different labeling reagents carrying the same reactive group of the bromoacetonyl moiety. Our results demonstrated that the detection sensitivities of 5-mC, 5-hmC, 5-foC and 5-caC in RNA increased by 70-313 folds upon 2-bromo-1-(4-diethylaminophenyl)-ethanone (BDEPE) labeling. Using the developed analytical method, we were able to identify endogenous 5-caC in the RNA of mammals. In addition, we found that 5-mC occurs in all RNA species; however, 5-hmC, 5-foC and 5-caC mainly occur in mRNA, and barely detected in other types of RNA. Furthermore, we found that the content of 5-hmC in RNA of human colorectal carcinoma (CRC) and hepatocellular carcinoma (HCC) tissues signicantly decreased compared to tumor adjacent normal tissues.
Experimental section

Chemicals and reagents
Cytidine (C), guanosine (G), adenosine (A), uridine (U), 5-methylcytidine (5-mC), and phosphodiesterase I were purchased from Sigma-Aldrich (Beijing, China). 5-Hydroxymethylcytidine (5-hmC), 5-formylcytidine (5-foC), and 5-carboxylcytidine (5-caC) were purchased from Berry & Associates (Dexter, MI). 2-Bromo-1-(4-diethylaminophenyl)-ethanone (BDEPE) and 2-bromo-1-(4-1-pyrrolidinylphenyl)-ethanone (BPPE) were purchased from Alfa Aesar (Ward Hill, MA). 3-Bromoacetonyltrimethylammonium bromide (BTA) and u-bromoacetonylpyridinium bromide (BPB) were synthesized according to our previously described method.
25,26 S1 nuclease and alkaline phosphatase (CIAP) were from Takara Biotechnology Co., Ltd. (Dalian, China).
Chromatographic grade methanol and acetonitrile (ACN) were purchased from Tedia Co. Inc. (Faireld, OH). Formic acid and triethylamine (TEA) were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). The water used throughout the study was puried on a Milli-Q apparatus (Millipore, Bedford, MA). Stock solutions of 5-mC, 5-hmC, 5-foC, and 5-caC were prepared in water at a concentration of 5 mM. BDEPE and BPPE were prepared in ACN at a concentration of 40 mM. BTA and BPB were prepared in ACN at a concentration of 20 mM. ., Norcross, GA), respectively. mRNA was further isolated from total RNA using the Promega PolyATtract® mRNA Isolation System (Madison, WI). Small RNA (<200 nt) was puried using the E.Z.N.A.® MiRNA Kit (Omega Bio-Tek Inc., Norcross, GA). 28S rRNA and 18S rRNA were puried using agarose electrophoresis, and the detailed isolation procedure can be found in the ESI. † An approval was granted by the Hubei Cancer Hospital Ethics Committee and met the declaration of Helsinki. All of the experiments were performed in accordance with Hubei Cancer Hospital Ethics Committee's guidelines and regulations.
Biological and clinical samples
Enzymatic digestion of RNA
Certain amounts of RNA (in 16 mL of H 2 O) were rstly denatured by heating at 95 C for 5 min and then chilling on ice for 2 min.
Aer adding 1/10 volume (2 mL) of S1 nuclease buffer (30 mM CH 3 COONa, pH 4.6, 280 mM NaCl, 1 mM ZnSO 4 ) and 360 units (2 mL) of S1 nuclease, the mixture (20 mL) was then incubated at 37 C for 2 h. To the resulting solution 10 mL of alkaline phosphatase buffer (50 mM Tris-HCl, 10 mM MgCl 2 , pH 9.0), 0.01 units (5 mL) of venom phosphodiesterase I, 30 units (1 mL) of alkaline phosphatase, and 64 mL of H 2 O were subsequently added. Then, incubation was continued at 37 C for an additional 2 h followed by adding 100 mL of sterilized water and extraction with an equal volume of chloroform twice. The resulting aqueous layer was collected and further passed through a solid phase extraction (SPE) cartridge lled with 50 mg of sorbent of graphitized carbon black (Weltech Co., Ltd., Wuhan, China) to remove the salts. The elution was then dried with nitrogen gas at 37 C for subsequent chemical labeling.
Chemical labeling
In this study, four different labeling reagents harboring the same reactive group of bromoacetonyl moiety ( Fig. 1 , and Table  S1 in ESI †) were used to label 5-mC, 5-hmC, 5-foC, and 5-caC. Chemical labeling conditions, including TEA content, reaction temperature and time, and concentration of the labeling reagents were optimized to achieve the best labeling performance. The reactions were performed in 200 mL of ACN with 1 mM of 5-mC. The labeling products were examined on a Shimadzu LC-15C HPLC system (Tokyo, Japan) equipped with two LC-15C pumps, a CTO-15C thermostated column compartment, a SPD-15C UV/vis detector, and a RF-10A uorescence detector (FLD). The UV/vis detector was connected with FLD in series. The reaction mixture was detected using a UV/vis detector with a wavelength of 260 nm, and the derivatives of 5-mC, 5-hmC, 5-foC, and 5-caC were detected by FLD with an excitation wavelength of 305 nm and an emission wavelength of 370 nm. A Hisep C18-T column (250 mm Â 4.6 mm i.d., 5 mm, Weltech Co., Ltd., Wuhan, China) was used for the separation. The column temperature was set at 35 C. Water containing 0.1% formic acid (v/v, solvent A) and acetonitrile (solvent B) were employed as mobile phase with a ow rate of 0.8 mL min À1 . A gradient of 5% B for 4 min and 5-45% B for 40 min was used.
Analysis of labeled products of 5-mC, 5-hmC, 5-foC, and 5-caC by LC-ESI-MS/MS
Analysis of the labeled products of 5-mC, 5-hmC, 5-foC, and 5-caC was performed on the LC-ESI-MS/MS system consisting of an AB 3200 QTRAP mass spectrometer (Applied Biosystems, Foster City, CA, USA) with an ESI source (Turbo Ionspray) and a Shimadzu LC-20AD HPLC (Tokyo, Japan). Data acquisition and processing were performed using AB SCIEX Analyst 1.5 Soware (Applied Biosystems, Foster City, CA, USA). The HPLC separation was performed on a Hisep C18-T column (150 mm Â 2.1 mm i.d., 5 mm, Weltech Co., Ltd., Wuhan, China) at 35 C.
Water containing 0.05% formic acid (v/v, solvent A) and ACN (solvent B) was employed as the mobile phase. A gradient of 5-65% B for 40 min was used. The ow rate of the mobile phase was set at 0.2 mL min À1 . The mass spectrometry detection was performed under positive ESI mode. The nucleosides and labeled products were monitored using the multiple reaction monitoring (MRM) mode. The MRM parameters were optimized to achieve maximal detection sensitivity (Table S2 , ESI †).
Simultaneous analysis of 5-mC, 5-hmC, 5-foC, and 5-caC in the RNA of mammals
The chemical labeling of all these cytosine modications from the digested RNA of mammals by BDEPE was performed under the optimized conditions. Briey, the nucleoside mixture of the digested RNA was passed through an SPE cartridge lled with 50 mg of sorbent of graphitized carbon black (Weltech Co., Ltd., Wuhan, China) to remove the salts. The elution was then dried with nitrogen gas at 37 C followed by BDEPE labeling, which was performed in 200 mL of ACN with 2 mM of BDEPE and 4 mM of TEA. Then, the resulting solution was incubated at 60 C for 4 h with shaking at 1500 rpm to label 5-mC, 5-hmC, 5-foC, and 5-caC. The labeled products were dried with nitrogen gas at 37 C and then reconstituted in 100 mL of water containing 5% ACN (v/v) followed by analysis using LC-ESI-MS/MS. High resolution mass spectrometry experiments were also performed on the LC-QTOF-MS system consisting of a MicrO-TOF-Q orthogonal-accelerated TOF mass spectrometer (Bruker Daltonics, Bremen, Germany) with an ESI source (Turbo Ionspray) and a Shimadzu LC-20AB binary pump HPLC (Tokyo, Japan). Data acquisition and processing were performed using Bruker Daltonics Control 3. 
Statistical analysis
The statistical data were processed with SPSS 19.0 soware (SPSS Inc.). The paired t-test was performed to evaluate the differences of cytosine modications in RNA between tumor tissues and tumor adjacent normal tissues. All p values were two-sided, and generally, p values <0.05 were considered to have statistical signicance.
Results and discussion
Strategy for the sensitive identication and quantication of oxidation products of 5-mC in RNA 5-mC is one of the most important modications in RNA molecules with potential functions on the control and regulation of gene transcription and protein translation. 8 The mechanism of DNA cytosine demethylation in mammals has been well established. 22, 27 But how RNA cytosine demethylation is achieved is still unclear. Recent studies reported the discovery of 5-hmC and 5-foC in RNA in mammalian cells and found that Tet proteins also possess the activity of catalyzing the formation of 5-hmC from 5-mC in RNA, indicating that RNA may undergo the same Tet-mediated oxidative demethylation pathway as that in DNA. 19, 20 However, the further oxidation product of 5-mC in RNA (i.e. 5-caC) has not been identied in mammals, which therefore makes the hypothesis decient.
In this respect, sensitive and accurate identication and quantication of the oxidation products of 5-mC in RNA will certainly facilitate the establishment of the RNA demethylation pathway. However, direct identication and quantication of these cytosine modications in RNA has not been realized, which may be due to their extremely low in vivo abundances. Our recent study demonstrated that the N3 and N4 positions of cytosine could react with bromoacetonyl groups. 28 Therefore, here we systemically evaluated the chemical labeling of cytosine modications of 5-mC, 5-hmC, 5-foC, and 5-caC in RNA by different reagents bearing a bromoacetonyl moiety (Fig. 1) . With the appropriate chemical labeling, the ionization efficiencies can be dramatically enhanced, which therefore can increase the detection sensitivities of these cytosine modications. Along this line, we were able to identify and quantify all of the oxidation products of 5-mC in the RNA of mammals.
Identication of labeled products of 5-mC, 5-hmC, 5-foC, and 5-caC
We examined the labeled products of 5-mC, 5-hmC, 5-foC, and 5-caC with four different labeling reagents, including BDEPE, BPPE, BTA, and BPB, by LC-ESI-MS/MS. As expected, the four cytosine modications successfully reacted with the labeling reagents and formed the desired derivatives. Typically, the labeled products were formed via the reaction of the bromoacetonyl group with the N3 and N4 positions of cytosine.
The product ion spectrum showed that m/z 429.2 and 297.1, m/z 445.2 and 313.2, m/z 443.2 and 311.2, m/z 648.3 and 516.3, which represent the parent ions of the 5-mC, 5-hmC, 5-foC, and 5-caC derivatives and their product ions, were observed aer BDEPE labeling (Fig. 2) . Similarly, the expected labeled products were also obtained via BPPE, BTA, and BPB labeling (Fig. S1-S3, ESI †) . It is worth noting that the carboxyl group at the h position of 5-caC also reacts with the labeling reagents of BDEPE, BTA and BPB (Fig. 2D, S2D and S3D in ESI †). However, BPPE mainly reacts with the carboxyl group of 5-caC (Fig. S1D, ESI †) . We reason that it is more favorable for the bromoacetonyl group of BPPE to form the ester with the carboxyl group of 5-mC since BPPE contains a pyrrolidyl group that increases the steric hindrance in the cyclization reaction between the bromoacetonyl group and the N3 and N4 positions of cytosine.
Improvement of detection sensitivity and LC separation upon chemical labeling
The main purpose for chemical labeling is to improve the LC separation and detection sensitivities of 5-mC, 5-hmC, 5-foC, and 5-caC during LC-ESI-MS/MS analysis. To obtain the best detection, we optimized the labeling conditions, including TEA concentration, reaction temperature and time, and the concentration of the labeling reagents. The detailed optimization conditions for the four labeling reagents are shown in Fig. S4 -S7 and listed in Table S1 in ESI. † Then we investigated the LC separation and detection sensitivities of 5-mC, 5-hmC, 5-foC, and 5-caC upon labeling under their own optimized reaction conditions. The extracted ion chromatograms show that the retentions of native 5-mC, 5-hmC, 5-foC and 5-caC were relatively weak and they coeluted on the reversed-phase chromatographic column even under optimized separation conditions (Fig. 3A) . However, aer labeling using BDEPE and BPPE, the retention and separation resolution dramatically increased ( Fig. 3B and S8A in ESI †), which can be attributed to the increased hydrophobicity of these labeled products. However, as for labeling using BTA or BPB, that harbors quaternary ammonium or pyridinium groups, the retentions of these derivatives did not increase on the reversed-phase chromatographic column (Fig. S8B and S8C in ESI †) . The weak retentions of the BTA and BPB labeled products were due to the weak interaction between the positively charged derivatives and reversed-phase chromatographic column. In addition, the excess amounts of labeling reagents could be readily removed using a six-way valve through switching to a waste line aer (for BDEPE and BPPE) or before (for BTA and BPB) the labeled products elute out, thus avoiding contamination of the mass spectrometer (Fig. S9, ESI †) . Compared to the native forms of 5-mC, 5-hmC, 5-foC, and 5-caC, chemical labeling could also dramatically increase their detection sensitivities. The limits of detection (LODs) of 5-mC, 5-hmC, 5-foC, and 5-caC with and without chemical labeling are shown in Table 1 . We found that these cytosine modications labeled by BDEPE offered the best detection sensitivities with typically decreased LODs by 70 to 313 folds (Table 1) . We reason that the differentially increased detection sensitivities using the four labeling reagents could be attributed to the differences of chemical properties of the derivatives as well as the labeling efficiency. Generally, the increased hydrophobicity of these labeled products results in a longer retention time in elution with a higher ratio of organic solvent. Thus, the analytes could be ionized more effectively in ESI owing to higher spraying and desolvation efficiency under higher ACN content. The BDEPE and BPPE labeled products showed longer retention times than the BTA and BPB labeled products, therefore the overall detection sensitivities of these cytosine modications labeled by BDEPE and BPPE were better than those labeled by BTA and BPB. In addition, the labeling efficiencies obtained for BDEPE were the best among the four labeling reagents (Table S3 , ESI †), which also contributed to the high detection sensitivities offered by BDEPE. The relative low labeling efficiencies for BTA and BPB could be due to the positive charge near the bromoacetonyl group that decreases the electrophilicity of the bromoacetonyl group. Taken together, here we chose BDEPE as the labeling reagent for the following experiments.
Method validation
With BDEPE as the labeling reagent, the calibration curves of 5-mC, 5-hmC, 5-foC, and 5-caC were constructed by plotting the mean peak area ratios of 5-mC/10 3 G, 5-hmC/10 6 G, 5-foC/10 6 G, (Table S4 , ESI †). The accuracy and reproducibility of the developed method were evaluated with the REs and RSDs being less than 16.0% and 15.2% (Tables S5-S8 , ESI †), respectively, demonstrating that good accuracy and reproducibility were achieved.
Determination of the oxidation products of 5-methylcytosine in the RNA of mammals
With the established method, we explored the oxidation products of 5-mC in the RNA of mammals, including 293T cells, mouse liver tissue and human CRC tissue. Shown in Fig. 4 are the typical extracted ion chromatograms of BDEPE labeled cytosine modication standards as well as the detected oxidation products of 5-mC in the RNA of mammals. The results demonstrated that all of these four cytosine modications of 5-mC, 5-hmC, 5-foC, and 5-caC can be detected (Fig. 4) . It is worth noting that 5-caC also can be distinctly observed in these samples even with much lower intensities than 5-mC and 5-hmC.
To further conrm these cytosine modications in RNA, we also employed high resolution mass spectrometry to examine the BDEPE labeled products. The results showed that the molecular weight of the ions in the spectra of the BDEPE labeled standards were identical to the theoretical values, further demonstrating the successful labeling (Fig. 5, le panel) . In addition, the high resolution MS spectra of the BDEPE labeled products from the RNA of human CRC tissue were similar to the BDEPE labeled standards and the fragment ions were identical to the theoretical values (Fig. 5, right panel) , supporting the expected existence of these cytosine modications in the RNA of mammals.
We then further explored these cytosine modications in different RNA species. In this respect, we isolated different types of RNA, including mRNA, 28S rRNA, 18S rRNA and small RNA (<200 nt) from the total RNA of mouse liver tissue. The detailed isolation procedure of rRNA and small RNA can be found in the text in the ESI. † The puried 28S rRNA, 18S rRNA, small RNA (<200 nt) were examined via agarose and polyacrylamide gel electrophoresis ( Fig. S10 in ESI †) . And the purity of the isolated mRNA was evaluated using the N 6 ,N 6 -dimethyladenosine according to previous methods ( Fig. S11 in ESI †). 29 Our results showed that 5-mC occurs in all RNA species with more abundant in mRNA and small RNA (Fig. 6) . However, 5-hmC, 5-foC and 5-caC mainly occur in mRNA, and are barely detected in other types of RNA, such as 28S rRNA, 18S rRNA and small RNA (Fig. 6) . The results are consistent with the recently just published paper stating that 5-hmC mainly exists in mRNA. 30 Collectively, the proved existence of 5-caC in RNA, together with previously identied 5-hmC and 5-foC, suggested the possible oxidative demethylation of 5-mC in the RNA of mammals. Therefore, 5-mC in RNA may potentially undergo demethylation through a similar pathway as Tet-mediated DNA demethylation. The further oxidative products of 5-hmC in DNA using Tet, i.e. 5-foC and 5-caC, could be readily recognized by thymine-DNA glycosylase, and the subsequent base excision repair machinery could result in the restoration of unmethylated cytosine. As for the 5-hmC in RNA, however, it is still not straightforward for this process. A recent study showed that 5-mC in mRNA can decrease translation and 5-hmC can favor the translation. 30 Since the half-life of RNA is normally short, therefore, 5-hmC, 5-foC and 5-caC in mRNA may also be alternatively removed with degradation of mRNA once they full their regulation functions. However, further investigation is required to elucidate the mechanism.
Content change of 5-mC, 5-hmC, 5-foC, and 5-caC in the RNA of human CRC and HCC tissues CRC and HCC are common human cancers and the leading causes of cancer deaths worldwide. 31 Our previous study demonstrated the signicant decrease of the oxidation products of 5-mC in the DNA of CRC and HCC tissues compared to adjacent normal tissues. 13, 28 With the developed sensitive analytical method in the current study, we were able to identify and quantify all of the oxidation products of 5-mC in RNA. Therefore, here we further explored the correlation of the oxidation products of 5-mC in RNA with human CRC and HCC.
A total of 40 tissue samples derived from 20 CRC patients and 16 tissue samples from 8 HCC patients were analyzed. The mean content of 5-mC, 5-hmC, 5-foC and 5-caC in CRC tissues were 5.1 AE 0.7/10 3 G, 17.9 AE 2.9/10 6 G, 9. of 5-hmC in human CRC (p ¼ 3.1 Â 10
À4
) and HCC (p ¼ 0.005) tissues compared to tumor adjacent normal tissues; however, 5-mC, 5-foC, and 5-caC showed no signicant difference between CRC or HCC tissues and tumor adjacent normal tissues (Fig. 7 , and Tables S9 and S10 in ESI †).
In addition, we further explored the content change of 5-hmC, 5-foC and 5-caC in the mRNA of HCC tissues since 5-hmC, 5-foC and 5-caC predominantly occur in mRNA. The results showed that 5-hmC signicantly decreased in the mRNA of HCC tissues compared to tumor adjacent tissues (p ¼ 0.03), but 5-foC and 5-caC showed no signicant changes between HCC tissues and tumor adjacent tissues (Fig. 8 , and Table S11 in ESI †).
The recent discovery of dynamic RNA modications raised the possible regulatory roles of RNA modications in biological processes. 32, 33 In the current study, we found that 5-hmC in RNA dramatically decreased in CRC and HCC tissues, which is consistent with previous reports of the signicant decrease of 5-hmC in the DNA of CRC and HCC tissues. 13, 28 As the oxidation of 5-mC forms 5-hmC in RNA, similar to that of 5-mC to 5-hmC in DNA, the results demonstrated the depletion of 5-hmC in RNA may also have biological signicance on epigenetic regulation in human tumors, which, however, still needs further investigation to fully understand their biological and pathological functions.
Conclusions
In the current study, we established a highly sensitive method using chemical labeling coupled with LC-ESI-MS/MS analysis for the simultaneous analysis of the oxidation products of 5-mC in the RNA of mammals. Upon BDEPE labeling, the detection sensitivities increased by 70 to 313 folds. Using the developed method, we were able to identify endogenous 5-caC in RNA. The discovery of endogenous 5-caC in RNA together with previously reported 5-hmC and 5-foC in RNA indicated that RNA may undergo the same cytosine oxidative demethylation as that in DNA. The generation of the intermediates of 5-mC oxidation products may present a signal mediating RNA degradation. In addition, we found that 5-hmC, 5-foC and 5-caC mainly occur in mRNA, and 5-hmC in RNA showed signicant depletion in tumor tissues compared to tumor adjacent normal tissues. The marked depletion of 5-hmC in RNA in tumor tissues may have profound effects on epigenetic regulation in the development and formation of cancers. 
